Introduction
DNA ligases play an essential role in joining the breaks in doublestranded DNA by catalyzing the formation of a phosphodiester bond between adjacent 5 0 -phosphate and 3 0 -hydroxyl termini. Their function is essential in DNA replication, recombination and repair (Lehman, 1974) . DNA ligases are universally present in all living organisms and may be classified into two families according to their high-energy cofactor requirements. ATP-dependent ligases (EC 6.5.1.1) are found in eukaryotes, archaea, viruses and some bacteria. The second group consists of NAD + -dependent DNA ligases (EC 6.5.1.2), which are present in bacteria and in some eukaryotic viruses. Apart from the difference in their cofactor requirement, both ATP-dependent and NAD + -dependent DNA ligases catalyze reactions via three common sequential nucleotidyl-transfer reactions: covalent addition of the AMP group of ATP or NAD + (step 1), AMP transfer from the enzyme to the 5 0 -phosphoryl group of the nick on the DNA (step 2) and phosphodiester-bond formation with AMP release (step 3) (Pascal, 2008) .
Relatively little is known about DNA ligases from the Archaea, the third domain of life. Thermostable DNA ligases from several hyperthermophilic archaea have been isolated and functionally characterized (e.g. Sriskanda et al., 2000; Lai et al., 2002; Keppetipola & Shuman, 2005; Smagin et al., 2008) . Only a few crystal structures of archaeal DNA ligases have been reported: those from Pyrococcus furiosus (Nishida et al., 2006) , Archaeoglobus fulgidus (Kim et al., 2009) , Thermococcus sp. 1519 (Bezsudnova et al., 2009) from the Euryarchaeota and from Sulfolobus solfataricus (Pascal et al., 2006) and Sulfophobococcus zilligii (Supangat et al., 2010) from the Crenarchaeota. These data confirmed that archaeal DNA ligases consist of three domains: a DNA-binding domain, an adenylation domain and an OB-fold domain. The DNA ligases from P. furiosus and A. fulgidus adopted a closed conformation (Nishida et al., 2006; Kim et al., 2009) , whereas S. solfataricus DNA ligase had an open extended conformation (Pascal et al., 2006) .
Functional studies of archaeal DNA ligases showed that all of them utilized ATP as a cofactor and it was presumed that archaeal ligases would exclusively utilize ATP as their nucleotide substrate. However, this idea was challenged by studies of DNA ligases from euryarchaea of the order Thermococcales. The ATP-dependent DNA ligases from Thermococcus kodakaraensis, T. fumicolans, T. onnurineus and Pyrococcus abyssi were found to have the ability to also use NAD + as a cofactor (Nakatani et al., 2000; Rolland et al., 2004; Kim et al., 2006) . Thus, it was suggested that the dual specificity of DNA ligases from Thermococcales illustrates an intermediate phase of the evolution of an ancestral enzyme towards 'NAD + -only' bacterial DNA ligases (Sun et al., 2008) . However, dual cofactor specificity is not a general feature of DNA ligases from Thermococcales, as exemplified by DNA ligase from P. horikoshii, which can only use ATP and not NAD + (Keppetipola & Shuman, 2005) .
Previously, we determined the complete genome sequence of the hyperthermophilic euryarchaeon T. sibiricus MM 739 ) and identified the DNA ligase gene. The T. sibiricus DNA ligase (LigTsib) shares a high level of amino-sequence identity (77-79%) with the DNA ligases of T. kodakaraensis, T. fumicolans, T. onnurineus and P. abyssi, suggesting that they may have similar cofactor requirements. However, our functional analysis of LigTsib shows that this enzyme can utilize only ATP and not NAD + (to be published elsewhere). Further comparative analysis of structures of LigTsib and DNA ligases from other Thermococcales would reveal the molecular features that determine the cofactor specificity of these DNA ligases and contribute to an understanding of their evolution. Here, we report the overexpression, purification and preliminary crystallographic studies of LigTsib.
Expression and purification
The gene encoding the ATP-dependent LigTsib (Tsib_0885) was cloned into the expression vector pQE30 (Qiagen) by adding an MRGSHHHHHHGS tag to the N-terminus of the recombinant enzyme. The recombinant vector pQELigTsib was introduced into Escherichia coli DLT1270/pRARE-2 strain. The transformants were cultivated in LB medium containing 100 mg ml À1 ampicillin and 20 mg ml À1 chloramphenicol at 310 K until the optical density at 600 nm reached 0.5. Isopropyl -d-1-thiogalactopyranoside was added to a final concentration of 1 mM to induce gene expression, which continued for 15 h.
The harvested cells were suspended in buffer A [50 mM Tris-HCl pH 7.5, 250 mM NaCl, 1 mM phenylmethanesulfonyl fluoride (PMSF), 5 mM -mercaptoethanol (-ME), 0.1%(v/v) Triton X-100, 10%(v/v) glycerol] for 30 min and disrupted using a French press. Cell debris was removed by centrifugation at 12 000g for 30 min and the supernatant was collected. The soluble fraction of the cell-free extract was heat-treated at 343 K for 15 min and the precipitate was removed by centrifugation (12 000g for 30 min). The collected supernatant was stirred with 0.15%(v/v) polyethyleneimine for 15 min at 277 K and nucleic acids were removed by centrifugation (12 000g for 30 min). The resulting nucleotide-free solution was applied onto an affinity column (Ni-Sepharose FF, 5 ml; Amersham Pharmacia Biotech) and equilibrated with buffer B (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 1 mM PMSF, 20 mM imidazole). After washing with buffer B, the enzyme was eluted with a linear imidazole gradient from 100 to 500 mM in buffer B. The peak fractions eluted at 150 mM imidazole and were dialyzed overnight against buffer C [25 mM Tris-HCl pH 6.5, 50 mM KCl, 5 mM EDTA, 1 mM PMSF, 5%(v/v) glycerol] with 5%(v/v) glycerol and 5 mM EDTA added to the collected fractions. The solution was then applied onto a cation-exchange column equilibrated with buffer C (Mono S, 10 ml; Amersham Pharmacia Biotech) and the fractions were eluted with a linear KCl gradient from 0 to 500 mM. The homogeneity and purity of the fractions were determined by 12%(w/v) SDS-PAGE with Coomassie Brilliant Blue staining (Fig. 1) . The purest fractions after cationexchange chromatography were diluted twice with 3 M ammonium sulfate and loaded onto a hydrophobic column (Source 15Phe, Amersham Pharmacia Biotech) equilibrated with buffer D [100 mM sodium phosphate pH 6.7, 1.5 M ammonium sulfate, 0.2 M sucrose, 5%(v/v) glycerol, 1 mM PMSF]. The enzyme was eluted with buffer D without ammonium sulfate, transferred into crystallization buffer (50 mM bis-tris pH 6.0, 100 mM NaCl) and concentrated to 13.3 mg ml À1 . 10% glycerol was added to the protein solution immediately after concentration. The purity of the prepared sample was judged using 12%(w/v) SDS-PAGE (Fig. 1, lane 3) . The protein concentration was determined by the Bradford method using BSA as a standard.
Crystallization
All crystallization experiments were performed at 291 K using the hanging-drop vapour-diffusion method. 1 ml protein solution was mixed with the same volume of precipitant solution. Initial crystal- 
X-ray analysis
An X-ray data set was collected at 100 K on the 'Belok' synchrotron beamline at the National Research Center 'Kurchatov Institute' using a Rayonix SX165 detector (Rayonix LLC, USA; Fig. 3 ). The crystals were directly flash-cooled in a stream of cold nitrogen gas at 100 K using a Cryostream Plus cooling device (Oxford Cryosystems Ltd, England). There was no need for prior crystal transfer to cryoprotectant solution. Data collection was performed using the DNA software package (http://www.dna.ac.uk). Experimental details are summarized in Table 1. X-ray diffraction images were indexed, integrated and scaled using XDS (Kabsch, 2010) . The CCP4 package (Winn et al., 2011) was used for data reduction. Data-collection statistics are given in Table 1 .
The structure of LigTsib was solved using the program BALBES (Long et al., 2008) . The best solution found by BALBES was obtained using the DNA ligase from P. furiosus (PDB entry 2cfm; Nishida et al., 2006 ) as a starting model for molecular replacement. The best solution had one molecule in the asymmetric unit of the unit cell, showed good crystal packing and gave an R factor of 0.32 for data in the resolution range 29.3-3.0 Å . The model consisted of three domains and showed a closed domain arrangement, as previously observed for DNA ligases from P. furiosus and A. fulgidus. Refine-ment of the structure is currently in progress and will be published elsewhere.
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Figure 3
A typical 0.45 oscillation image obtained during data collection from the LigTsib crystal. The edge of the oscillation image corresponds to 3.0 Å resolution. 
